Benzodiazepine (BDZ) infusion has been shown to reduce blood pressure in both humans and animals. Although the inhibitory effects of BDZ on the central nervous system have been well documented, less is known about the direct effects of BDZ on the vascular bed. The aims of this study were to assess the effects of the BDZ midazolam on the vascular system in C57/BL6 mouse aortic rings and to investigate the mechanisms of its direct vascular action. We found that midazolam induced reversible, dose-dependent vasodilation in potassium-and phenylephrine-precontracted rings. In rings that were precontracted with potassium or phenylephrine, treatment with 10 lmol l À1 midazolam increased vasodilation by 15 and 60%, respectively, compared with baseline. Vasodilation increased by 80 and 87%, respectively, after treatment with 50 lmol l À1 midazolam. Only the low concentration of midazolam (10 lmol l À1 ) induced endothelium-dependent vasodilation in phenylephrine-precontracted rings. Vasodilation increased by 60% in rings with endothelium and by 20% in rings without endothelium. Conversely, only the high concentration of midazolam (50 lmol l À1 ) reduced the CaCl 2 -induced vasoconstriction of aortic rings with EC 50 (the concentration giving 50% of the maximal effect) values of 1 and 6 mmol l À1 for vehicle-and midazolam-treated rings, respectively. Furthermore, the incubation of phenylephrine-precontracted rings with an inhibitor of the nitric oxide synthase (NOS) NG-nitro-L-arginine methyl ester or the inhibitors of central or peripheral type BDZ receptors (flumazenil or PK 11195, respectively) produced no change in midazolam-induced vasodilation. Thus, low concentrations of midazolam induce vasodilation via an endothelium-dependent mechanism that does not involve NO production. In contrast, high concentrations of midazolam induce vasodilation via an endothelium-independent mechanism that implies reduced sensitivity of aortic rings to calcium ions. Additionally, neither the central c-amino-butyric acid receptor type A nor the peripheral type BDZ receptors seem to be involved in the mechanism of midazolam-induced vasodilation.
INTRODUCTION
Peripheral vascular resistance has a fundamental role in controlling blood pressure. Peripheral vascular resistance depends directly on vascular tone that results from the balance between vasoconstrictor and vasodilator factors acting on vascular smooth muscle cells. Vasoconstriction depends on excitatory stimuli that increase intracytoplasmic calcium entry. Specifically, calcium increases in the cytoplasm of vascular smooth muscle cells by passing through voltage-and receptor-operated calcium channels located in the plasma membrane and in the sarcoplasmic reticulum, respectively. This cytoplasmic calcium binds calmodulin and activates myosin light-chain kinase, which phosphorylates the regulatory myosin light chain and leads to vascular smooth muscle contraction. 1 Drugs that inhibit voltageoperated calcium channels are very effective in reducing vascular tone, peripheral vascular resistance and, therefore, blood pressure. 2 Unlike vasoconstriction, vasodilation depends on the endothelium. Stimulation of endothelial factors such as nitric oxide (NO) reduces intracellular calcium content, leading to relaxation of vascular smooth muscle and, therefore, vasodilation. Drugs that increase NO availability are highly effective for reducing blood pressure. 3 The benzodiazepines (BDZs) represent an old class of drugs that has been shown to have direct vascular vasodilatory effects on both arteries and veins. 4 BDZs can reduce blood pressure in experimental 5 and clinical settings. 6 In addition, BDZs can reduce blood pressure both indirectly, by central inhibition of the autonomic neurocardiac system and the control of the baroreflex, 7, 8 and directly, by dilating the blood vessels in the vascular beds of animal models. 4, [9] [10] [11] Nonetheless, the mechanism by which BDZs stimulate vasodilation remains unclear.
As BDZs are classically involved in the regulation of chloride ion channels, the mechanism of BDZ-induced vascular effects might be mediated by the regulation of ion channels in blood vessels. In support of this possibility, BDZs at high concentrations inhibit vascular calcium channels, which are sensitive to membrane voltage changes. 12, 13 At low (nanomolar) concentrations, BDZs bind to a non-neurological receptor in peripheral tissues. This non-neurological receptor is identified as 'peripheral type benzodiazepine receptor' or, according to the most recent nomenclature, '18-kDa Translocator Protein' (TSPO). 14 The cardiovascular system, including the aorta, presents high levels of TSPO. 15 Although specific stimulation of TSPO can induce vasodilation in some models, possibly by inhibiting voltageoperated calcium channels, 16, 17 its involvement in BDZ-induced vasodilation appears to be controversial. 18, 19 The aim of this study was to assess the vascular effects of BDZs and the possible mechanisms involved in their direct vascular action. We hypothesized that such mechanisms might involve endothelial-dependent and -independent pathways. For this purpose, we used aortic rings of C57/BL6 mice, and we chose the BDZ midazolam because of its demonstrated vascular effects. 6, 20 
METHODS

Mice
For this study, 2-month-old male C57/BL6 mice (Harlan Italy-San Pietro al Natisone, Udine, Italy) were used. Mice were kept in standard cages under a 12-h light/dark cycle, fed a standard diet and cared for according to the guidelines of our institution. The experiments were performed after the mice had been acclimatized to their housing conditions for at least 1 week. On the day of the experiments, mice were weighed and then decapitated. The thoracic aorta was dissected from each mouse, cleaned of adhering perivascular tissue and placed in a cold Krebs-Henseleit bicarbonate buffer solution with the following composition (in mmol l À1 ): NaCl 118.3, KCl 4.7, CaCl 2 2.5, MgSO 4 
Evaluation of vascular reactivity
Evaluation of vascular reactivity was performed as previously described. 21 Aortic rings were suspended in isolated tissue baths filled with 20 ml of Krebs solution continuously bubbled with a mixture of 5% CO 2 and 95% O 2 (pH 7.37-7.42) at 37 1C. One end of the aortic ring was connected to a tissue holder and the other to an isometric force transducer. The analogical signal was acquired in a digital system (Biopac MP150-Biopac System, Traiskirchen, Austria) and analyzed by dedicated software (AcqKnowledge 3.0-Biopac System). Aortic rings were equilibrated for 90 min in unstretched conditions, and the Krebs solution was replaced every 20 min. The length of aortic rings was increased stepwise during the equilibration period to adjust passive wall tension to 1.0 g. Once basal tension was established, the length of the rings was not altered thereafter. Vasodilation of the aortic rings was expressed as the proportional difference between the contraction reached after treatment and the maximal contraction (baseline) reached with potassium chloride (80 mmol l À1 , Sigma, Milan, Italy) or phenylephrine (1 mmol l À1 , Sigma). Endothelial and smooth muscle function were tested by increasing concentrations of acetylcholine (dose-response curve from 10 À9 to 10 À5 mol l À1 , Sigma) and nitroglycerin (dose-response curve from 10 À9 to 10 À6 mol l À1 ), respectively.
Evaluation of endothelium involvement in midazolam-induced vasodilation
Involvement of endothelium was assessed as previously described. 21 We evaluated the concentration-dependent vascular effect of midazolam (doseresponse curve from 10 À9 to 5Â10 À5 mol l À1 ) on KCl-(80 mmol l À1 ) and phenylephrine-precontracted (1 mmol l À1 ) rings with or without endothelium. Endothelium was removed by gently rubbing the ring's lumen with a 28-gauge needle tip. Then, rings were treated with acetylcholine (1 mmol l À1 , Sigma) and nitroglycerine (1 mmol l À1 ) to confirm the removal of the endothelium and assess each ring's integrity, respectively. The dependency of midazolam-induced vasodilation on endothelial NO production was evaluated after incubation of the rings with the non-selective NO synthase (NOS) inhibitor NG-nitro-larginine methyl ester (300 mmol l À1 , Sigma) for 40 min. Effective NOS inhibition was assessed by verifying the lack of significant vasodilation induced by 1 mmol l À1 acetylcholine on phenylephrine-precontracted rings.
Evaluation of the involvement of different BDZ receptor types in midazolam-induced vasodilation
To assess the involvement of the central-type BDZ receptor, also known as the g-amino-butyric acid receptor type A (GABA A ), we used the method of Anwar and Mason on the rabbit basilar artery with some modifications. 22 Aortic rings precontracted with KCl were treated either with increasing doses of GABA (dose-response curve from 10 À9 to 10 À4 mol l À1 , Sigma) or, after incubation with the central-type BDZ receptor antagonist flumazenil (1 mmol l À1 for 10 min), with midazolam (10 or 50 mmol l À1 ). We evaluated whether midazolam and GABA have a synergistic effect on vasodilation of the aortic rings by incubating KCl-precontracted rings with GABA (100 mmol l À1 for 10 min) before midazolam treatment.
The involvement of the peripheral-type BDZ receptor/TSPO on midazolaminduced vasodilation was assessed as previously described. 15 Phenylephrineprecontracted aortic rings were stimulated with specific TSPO ligands. Direct TSPO-mediated vasodilation was assessed by treating precontracted rings with increasing doses of the TSPO ligand Ro5-4864, a 4 I -chloro derivative of diazepam (dose-response curve from 10 À9 to 10 À4 mol l À1 ; Sigma). To evaluate possible synergistic effects between the TSPO agonist and midazolam, precontracted rings were incubated for 10 min with 10 mmol l À1 Ro5-4864 before stimulation with 10 mmol l À1 midazolam. The role of TSPO in midazolam-induced vasodilation was assessed by incubating precontracted rings with the specific TSPO ligand PK 11195, an isoquinoline carboxamide derivate (1 mmol l À1 ; Sigma), for 10 min before stimulation with 10 mmol l À1 midazolam.
Evaluation of the calcium antagonist property of midazolam
To assess the calcium antagonist property of midazolam, we followed the method described by Hof and Vuorela. 23 Briefly, the rings were first equilibrated and adjusted to a basal tension level of 1 g in a Tris buffer of the following composition (in mmol l À1 ): NaCl 134.8, KCl 4.7, MgSO 4 . 7H 2 O 1.2 and CaCl 2 . 2H 2 O 2.5, bubbled continuously with 100% oxygen. Second, the maximal vasoconstriction of the rings was assessed in normal calcium Tris buffer by treatment with 60 mmol l À1 KCl. Third, the bath was exchanged with a calcium-free Tris bath solution containing 60 mmol l À1 of KCl, and increasing doses of calcium chloride were added as a vasoconstrictor (10 À5 to 10 À1 mol l À1 ). Vasoconstriction was measured in 10 and 50 mmol l À1 midazolam-pretreated rings and compared with vehicle. Vasoconstriction is expressed with reference to the maximal vasoconstriction reached by the same ring contracted with 60 mmol l À1 KCl under normal calcium conditions. The calcium-channel antagonist verapamil (1 mmol l À1 ) was used as a positive control.
Statistical analysis
All experiments were performed on four ring preparations obtained from the aorta of each of at least three mice. The data presented in Figures 1a and b and 5 were analyzed with one-way analysis of variance, and the data in Figures 3 and 4 were analyzed with two-way analysis of variance. Pairwise comparisons in Figures 1a and b, 3, 4 , and 5 were performed with Bonferroni's method after analysis of variance. The data in Table 1 and Figure 2 were analyzed by paired Student's t-test. The dose-response curves in Figure 3 were fitted with a threeparameter equation, and EC 50 (the concentration giving 50% of the maximal effect) values were calculated by non-linear regression analysis. Data are presented as the means and standard error. Differences were considered statistically significant at Pp0.05. Statistical analysis and graphs were prepared using GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego, CA, USA).
RESULTS
The BDZ midazolam induced a reversible vasodilatory effect. The extent of this effect varied according to the concentration used and the type of precontraction stimulus. Specifically, mouse aortic rings treated with 10 mmol l À1 midazolam were dilated to 15 and 60% of their basal level after precontraction with potassium and phenylephrine, respectively (Figures 1a and b) . Aortic rings treated with 50 mmol l À1 midazolam were dilated to 80 and 87% of baseline after precontraction with potassium and phenylephrine, respectively. Lower concentrations of midazolam had no vasodilatory effect on aortic rings precontracted with either stimulus. The midazolam-induced vasodilatory effect was reversible because the vasoconstrictive ability of the aortic rings under phenylephrine stimulus was restored after midazolam removal from the aortic rings' bath ( Figure 2) .
Midazolam-induced vasodilation was dependent on the presence of endothelium only at the lower concentration of midazolam. Specifically, aortic rings treated with 10 mmol l À1 midazolam were dilated to 60 and 20% of their basal level with and without endothelium, respectively. Aortic rings treated with 50 mmol l À1 midazolam were dilated to the same extent (about 85%) in rings with and without endothelium (Figure 3a) .
The endothelium-mediated vasodilatory effect at the lower concentration of midazolam was not related to endothelial NO production. Aortic rings incubated with the NOS inhibitor NG-nitro-L-arginine methyl ester were dilated to the same percentage of the baseline following treatment with midazolam at either 10 or 50 mmol l À1 (Figure 3b) .
The maximal vasodilatory effect at the high concentration of midazolam was calcium dependent. The EC 50 value derived from the dose-response curve of aortic rings contracted with increasing doses of calcium chloride in a hyperpolarizing bath showed a significant rightward shift (Figure 4 ). This rightward shift away from aortic rings treated with vehicle (EC 50 1 mmol l À1 ) was present only in aortic rings treated with 50 mmol l À1 midazolam (EC 50 6 mmol l À1 ). In contrast, the dose-response curve of aortic rings treated with 10 mmol l À1 midazolam did not differ from that of the aortic rings treated with vehicle.
It has been previously shown that BDZ-induced vasodilation can be mediated by the central type GABA A receptor. 22, 24 ,25 Therefore, we tested the effect of GABA and the GABA A receptor inhibitor flumazenil on aortic rings. Increasing doses of GABA did not induce vasodilation (data not shown). Furthermore, preincubation of aortic rings with GABA did not magnify the vasodilation induced by 10 or 50 mmol l À1 midazolam (Table 1) . Accordingly, preincubation of aortic ring with 10 mmol l À1 flumazenil did not inhibit midazolam-induced vasodilation either at the low or at the high midazolam concentration (Table 1) .
Furthermore, we found that TSPO did not participate in midazolam-induced vasodilation of aortic rings. Treatment of phenylephrineprecontracted rings with increasing doses of the TSPO ligand Ro5-4864 (dose-response curve from 10 À9 to 10 À5 mol l À1 ) did not induce vasodilation (data not shown). Accordingly, incubation of phenylephrine-precontracted rings with the TSPO ligand PK 11195 did not reduce midazolam-induced vasodilation ( Figure 5 ). Only incubation with the high concentration (10 À4 mol l À1 ) of Ro5-4864 reduced midazolam-induced vasodilation (up to 34% of the vehicle control) ( Figure 5 ).
DISCUSSION
This study demonstrates that the BDZ midazolam induces vasodilation of the mouse aorta by two different concentration-dependent mechanisms. At low concentrations, midazolam-induced vasodilation is mostly endothelium dependent, whereas at high concentrations, it is mostly endothelium independent and characterized by a reduced calcium sensitivity of the aortic rings. The evidence is that at the lowest effective midazolam concentration, the vasodilation of rings without endothelium was less than the vasodilation of rings with endothelium. In contrast, at the highest midazolam concentration, the vasodilation was similar in rings both with and without endothelium. In addition, the dose-response curves showed that midazolam only reduced the vasoconstriction induced by increasing doses of calcium chloride at the high concentration. Our findings also suggest that the different BDZ molecules have different endothelium-dependent mechanisms for stimulation of vasodilation. For example, the BDZ diazepam induces an endothelium-dependent vasodilation involving endothelial NO production in rodents. 18, 19 In contrast, our results excluded NO involvement in the mechanism of the BDZ midazolam because the NOS inhibitor NGnitro-L-arginine methyl ester did not modify midazolam-induced vasodilation (Figure 3b ).
In agreement with our results, evidence that midazolam-induced endothelium-dependent vasodilation does not involve NO has been reported in experiments using isolated porcine coronary arteries. 11 In those coronary arteries, NG-nitro-L-arginine methyl ester did not attenuate midazolam-induced vasodilation, but tetraethylamonium chloride did. Tetraethylamonium chloride is an inhibitor of the endothelial calcium-sensitive potassium channels, whose inhibition induces relaxation through the hyperpolarization of vascular smooth muscle membrane. 26 In support of the hypothesis that midazolam induces hyperpolarization, suggested by Klockgether-Radke et al., 11 we found that the vasodilation resulting from the low dose, or 'endothelial dose,' of midazolam in KCl-precontracted rings was lower than the vasodilation observed in phenylephrine-precontracted rings ( Figures  1a and b) . Depolarization of the vascular smooth muscle cells of aortic rings induced by the high concentration of KCl in the bath (80 mmol l À1 ) may overwhelm the hyperpolarization induced by the 'endothelial dose' of midazolam. In contrast, this effect did not occur in phenylephrine-precontracted rings where the KCl concentration was in the physiological range (4.7 mmol l À1 ). Furthermore, evidence for a cell-hyperpolarizing effect of midazolam has been documented in in vitro studies of hippocampal neurons. In these studies, low concentrations of midazolam, which are not appropriate to stimulate GABA A receptors, can induce membrane hyperpolarization through an increase of calcium-sensitive potassium conductance. 27 Taken together these data suggest two considerations. First, different BDZ molecules can have different endothelium-dependent mechanisms of vasodilation. Second, the reduction of calcium-sensitive potassium conductance induced by midazolam inhibition of calcium-sensitive potassium channels is the most likely mediator of midazolam-induced endothelium-dependent vasodilation.
Because GABA A receptors have been involved in BDZ-induced vasodilation in different vascular beds 22, 25 and because immunohistochemical studies showed the presence of a non-neuronal GABA A receptor in endothelial cells, 28 we tested the potential role of the GABA A receptor in midazolam-induced vasodilation. Our results exclude both the hypothesis that GABA A receptor mediates midazolam-induced vasodilation and that GABA A receptor can be potentially involved in mouse aorta vasodilation. We found that the GABA A receptor inhibitor flumazenil did not reduce midazolam-induced vasodilation (Table 1) and that increasing doses of GABA did not modify the tone of the precontracted rings (data not shown). Thus, the GABA A receptor does not mediate midazolam-induced vasodilation and is not involved in mouse aorta vasodilation.
BDZs bind specifically to TSPOs in the vascular system and especially to TSPOs in vascular smooth muscle cells. 29 Therefore, it has been suggested that TSPO can mediate BDZ-induced vasodilation. 15 Several studies have shown that stimulation of TSPO with its specific ligands Ro5-4864 and PK 11195 can induce vasodilation through the inhibition of voltage-operated calcium channels. 16, 17 However, we found that TSPO does not mediate midazolam-induced vasodilation and that TSPO is not involved in mouse aorta vasodilation. Specifically, the incubation of precontracted rings with the TSPO ligand PK 11195 did not mitigate midazolam-induced vasodilation ( Figure 5) , and the stimulation of precontracted rings with increasing doses of Ro5-4864 did not induce vasodilation (data not shown). Previous evidence supports our results. First, in rat aorta, the enantiomers of quinoline propanamide ((À)PK14067 and (+)PK14068), which have very different affinities for TSPO, are equally potent in reducing CaCl 2 -induced vasoconstriction. 17 Second, the affinity of BDZ for TSPO is in the nanomolar range, but the vasodilation effect occurs only at micromolar levels. 17 However, although interactions between midazolam and TSPO do not appear to contribute to vasodilation, midazolam appears to be able to interact with endothelial TSPO and affect functions other than vasodilation. 30, 31 Paradoxically, we observed that micromolar concentrations of Ro5-4864 reduced midazolam-induced vasoconstriction ( Figure 5 ), but increasing doses of Ro5-4864 did not modify vascular tone compared with vehicle. To explain these results, it has been suggested that Ro5-4864 also possesses a low affinity for the voltage-operated calcium channels and that at micromolar concentrations, it can probably compete for the same BDZ-binding site on voltage-operated calcium channels. 32, 33 These observations suggest that at high concentrations, midazolam possesses the calcium-channel antagonist property of acting directly on voltage-operated calcium channels. 12, 17, [34] [35] [36] [37] The calcium-antagonist property of midazolam supports the endothelium-independent mechanism of midazolam-induced vasodilation that we observed in this study. In fact, endothelium-deprived rings were not different from endothelium-intact rings with respect to the vasodilation induced by the high dose of midazolam, and only the high dose of midazolam reduced CaCl 2 -induced vasoconstriction (Figures 3a and 4) . Accordingly, Yamaguchi and Shiraishi 12, 13 showed that in rabbit mesenteric arteries that lacked endothelium, midazolam at 410 mmol l À1 inhibited norepinephrine-induced contraction by inhibition of calcium influx through voltage-and receptor-operated calcium channels. Furthermore, many studies using the patch clamp technique have documented that midazolam can inhibit inward calcium current in different animal species and tissues. 13, 34, 36, 37 In this study, we have investigated the vasodilatory effect of midazolam; however, vasodilation has also been reported with other BDZs. In pilot experiments in which aortic rings were exposed to increasing doses of diazepam, we found a vasodilatory response that was comparable to that of midazolam (data not shown). In addition, other authors reported vasodilation induced by different BDZs, such as diazepam in rat aorta, 18, 19 canine arteries, 9 and human umbilical arteries and veins; 4 tetrazepam in aorta and portal vein of rats; 10 flurazepam in canine arteries; 9 and clonazepam in human umbilical arteries. 4 Moreover, BDZs seem to have a generalized muscle relaxant effect as demonstrated by diazepam-and clonazepam-induced relaxation of uterine rings from rats 38 and by diazepam-and flurazepaminduced relaxation of isolated taenia coli and longitudinal muscle of guinea pigs. 39 This muscle relaxant property of BDZs characteristically occurs at micromolar concentrations and involves the ability of BDZs to reduce intracellular calcium influx.
This study has explored the mechanisms of midazolam-induced vasodilation. On one hand, our results justify the occurrence of cardiovascular side effects of midazolam used as a sedative or anesthetic. [6] [7] [8] On the other hand, they could indicate midazolam as a potential antihypertensive agent. The antihypertensive effects of midazolam are quite speculative because we did not conduct experiments with midazolam in in vivo models of hypertension, and midazolam-induced vasodilation occurs at concentrations that are too high for general clinical practice. Nonetheless, the vascular effects of midazolam could be useful in emergency/urgency situations, such as in hypertensive crises. Specifically, under intravenous infusion, midazolam can reach micromolar concentrations in plasma 6 and exert its vasodilative and sedative properties, which could be beneficial in the treatment of hypertensive crises.
In conclusion, this study demonstrates that midazolam induces vasodilation of mouse aorta through two different mechanisms of action. The first mechanism is endothelium-dependent and occurs at low midazolam concentrations. The second is endothelium-independent, occurs at high midazolam concentrations and may depend on midazolam's calcium-antagonist property. Neither the GABA A receptor nor TSPO appear to be involved in the vasodilatory effect of midazolam. Although our study provides evidence for a functional interaction between midazolam and voltage-operated calcium channels and previous studies have supported the view of a direct interaction, [34] [35] [36] [37] it would be worthwhile to test this interaction in drug-protein binding studies. From this perspective, midazolam could be considered for clinical trials for the treatment of hypertensive crises.
